The noninvasive assessment of anticancer treatment efficacy is very important for the improvement of therapeutic window. The purpose of the present study was to evaluate the antitumoral effects of the vascular targeting agent, combretastatin A-4 phosphate (CA-4-P), at selected time points after repeated intraperitoneal drug administrations (25 mg/kg), using diffusion-weighted magnetic resonance imaging (DW-MRI). The experiments were performed during an overall follow-up period of 3 weeks on WAG/Rij rats with subcutaneously growing rhabdomyosarcomas. Each animal served as its own baseline. The DW-MRI studies were quantified by calculating the apparent diffusion coefficient (ADC) for different low and high b -values to separate the effects on tumor vasculature and cellular integrity. The changes in ADC as well as the extent of necrosis development (proportional to the tumor volume), measured on the MR images, were of comparable magnitude after each treatment. All ADC values showed a significant decrease at 6 hours, followed by a significant increase at 2 days for various CA-4-P administrations. DW-MRI allowed us to monitor both reduction in perfusion and changes in the extent of tumor necrosis after CA-4-P injection. Repeated CA-4-P administration retains efficacy in rat rhabdomyosarcomas, with similar findings after each drug administration. Neoplasia (2005) 7, 779-787
Introduction
To overcome the limits of classic tumor treatments such as chemotherapy and radiation therapy, new approaches must be developed. One possibility is to selectively target vascularity to inhibit the development of new blood vessels (antiangiogenesis), or to destroy postangiogenic vessels (vascular targeting) in tumors [1, 2] .
One family of vascular targeting agents (VTAs) is comprised of low-molecular-weight compounds, which inhibit tubulin polymerization with inherent microtubule destabilization, causing acute vascular shutdown in solid tumors [3, 4] . One of the lead compounds in this family is combretastatin A-4 phosphate (CA-4-P). Acute events on tumor vessel structure and function, with subsequent extensive tumor necrosis, have been described for this compound in various rodent models and some explanations on the temporal mechanism of action have been discussed [5 -10] . Although the antitumor effects demonstrated in these preclinical studies were severe, a thin rim of viable tumor tissue consistently remained, from which expansion rapidly occurred. These studies were based on single treatments with doses inducing little or no systemic toxicity.
In experimental settings using CA-4-P, the response evaluation has been performed with various noninvasive methods such as 31 P magnetic resonance spectroscopy and dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI). This follow-up was studied up to, at most, 24 hours after administration [11, 12] . The dynamic imaging results were consistent with vascular volume and perfusion changes. With the exception of growth delay evaluation [7, 13, 14] , no information is available on the efficacy of repeated drug administration in preclinical studies.
In phase I clinical trials, escalating doses of CA-4-P were applied at regular intervals, and the effects were evaluated with DCE-MRI and positron emission tomography (PET), in addition to clinical and pharmacokinetic parameters [15 -18] . Yet, the effects on the tumors were not studied specifically after each drug administration.
We have shown earlier, using the rat rhabdomyosarcoma tumor model, that the antitumor effect of a single treatment with CA-4-P can be monitored noninvasively using diffusionweighted magnetic resonance imaging (DW-MRI) [19] .
The aim of the present study was to noninvasively evaluate the effects of CA-4-P on rat rhabdomyosarcomas after three equally spaced intraperitoneal injections over a period of 3 weeks using DW-MRI, and to relate the time course of changes in necrotic versus viable tumor tissue.
Materials and Methods

Tumor Model
The experiments were performed on 13 male adult WAG/Rij rats, weighing 280 to 300 g. The animals were wrapped in a warm towel to keep the body temperature constant during the average imaging period of 10 minutes. Rhabdomyosarcoma tumors (1-mm 3 pieces) were implanted subcutaneously in the flank region at the level of the kidneys on opposite sides. The baseline tumor volume before treatment was 3.6 ± 1.3 cm 3 , reached at 2 weeks postimplantation.
The study protocol was approved by the local ethical committee for animal care and use. Rats were kept in a conventional housing facility and given access to food and water ad libitum.
MRI
The rats were examined in a 1.5-T whole-body MR system (SonataVision; Siemens, Erlangen, Germany) with a 40-mT/m maximum gradient capability. A four-channel phased-array wrist coil was used to obtain all MR images, allowing parallel imaging (parallel imaging reduction factor [generalized autocalibrating partially parallel acquisition, or GRAPPA] of two in all series). To avoid movement, rats were placed supine into a plastic holder with tube connection to a gas anesthesia system (2% isoflurane in a 20% oxygen and 80% room air mixture). For intravenous access, the penile vein was cannulated.
A coronal T1-weighted spin-echo sequence was used as localizer. A transverse T1-weighted spin-echo (553 msec/ 15 msec [repetition time/echo time], matrix size of 120 Â 256) and a T2-weighted turbo spin-echo sequence (5860 msec/99 msec, matrix size of 160 Â 256, turbo factor 19) were performed with a section thickness of 2 mm and an intersection gap of 0.2 mm. The field of view was 81.3 Â 130 mm 2 , covering both tumors entirely (20 slices). The time of acquisition was 1:32 minutes for the T1-weighted sequence with two averages and 1:34 minutes for the T2-weighted sequence with three averages.
A DW-MRI echo-planar sequence was performed with a large range of b-values (b = 0, 50, 100, 150, 200, 250, 300, 500, 750, and 1000 sec/mm 2 ). The following parameters were used for this sequence: TR = 3300 milliseconds, TE = 124 milliseconds, matrix size of 96 Â 192, four averages, and a total time of acquisition of 2:35 minutes. The duration of both diffusion-sensitizing gradient pulses was 25 milliseconds each, without gap between the positive and negative lobes. Gradient strength was adjusted for each b -value. Apparent diffusion coefficient (ADC) maps were calculated from the native diffusion images with the built-in software tools of the MRI scanner.
All sequences were acquired with the same geometry to maintain comparability between the different imaging sequences.
Study Design
The abovedescribed MR protocol was performed on 13 rats with bilateral tumors (n = 26).
Six rats (12 tumors) were examined before and after each of the three intraperitoneal CA-4-P (OXiGENE, Watertown, MA) injections at a dose of 25 mg/kg body weight (based on earlier experiments) [7] administered with an interval period of 9 days. Treatment monitoring was performed by applying the entire MRI protocol according to the following schedule: 1) baseline study prior to first CA-4-P administration; 2) imaging at 6 hours, 2 days, and 9 days (baseline for second treatment) after the first CA-4-P administration; 3) 6 hours, 2 days, and 9 days (baseline for third treatment) after the second CA-4-P administration; and 4) 6 hours and 2 days (three of six animals) after the third drug administration. After the third CA-4-P administration, three of these animals were sacrificed at 6 hours (n = 6 tumors) and the remaining three at 2 days (n = 6 tumors).
For correlation between MRI and histopathology after a single CA-4-P administration, four rats were used: one animal (n = 2 tumors) was sacrificed before treatment, and one animal at 6 hours, 2 days, and 9 days, respectively.
As controls, the remaining three rats (n = 6 tumors) underwent the same study protocol without CA-4-P treatment to compare tumor growth and to assess potential influences of MR examinations on animals and tumor analysis.
Image Analysis
Image analysis was performed off-line on a LINUX workstation using a dedicated software (BioMAP; Novartis, Basel, Switzerland). In the transverse T1-weighted sequence, the entire tumors were manually delineated on each slice by two observers in consensus. For each tumor, the delineations on all slices were merged to produce a three-dimensional region of interest (ROI) per tumor from which the system automatically calculated the volume.
Analysis of the DW-MRI images was performed in a first step by copying the ROIs of the T1-weighted images onto the ADC maps at each time point. In a second step, several circular ROIs were placed in the periphery (the outer 5 mm) as well as in the center (more than 10 mm from the edge) of each tumor. The respective ROIs were merged to obtain one center ROI and one peripheral ROI for each tumor. Afterward, the ROIs of the ADC maps were copied to the corresponding original diffusion images, from which the average intensities for each different b -value could be obtained. The signal intensities of the ADC maps from the DW-MR images were graded as hypointense, isointense, and hyperintense by visual comparison.
The ADC is a quantitative parameter calculated from the diffusion-weighted MR images. Le Bihan et al. [20] hypothesized that the ADC reflects not only diffusion but also microcirculation of blood (perfusion). Using lower b -values in the ADC calculations shows a greater influence of perfusion, whereas by using only higher b -values, the true diffusion coefficient of the tissue is approximated. The hypothesis has been validated for this rat tumor model in a previous study; a strong correlation was observed between the perfusion influence in the DW-MR images and the perfusion parameters from a dynamic contrast-enhanced MR sequence after treatment with CA-4-P [21] . In the present study, the ADCs of the tumors were therefore calculated separately for a range of low b -values (b = 0, 50, and 100 sec/mm 2 ; ADC low ) and high b -values (b = 500, 750, and 1000 sec/mm 2 ; ADC high ) to better differentiate the relative contribution of perfusion and true diffusion. The ADC values were calculated using a least squares solution of the following system of equations:
where S(i ) is the signal intensity measured on the ith b -value image and b i is the corresponding b -value. S 0 is a variable that estimates the intrinsic signal intensity (for b = 0 sec/mm 2 ). To limit the influence of noise (from the signal measurements) on ADC calculations, diffusion images with at least three different b-values were used for calculations of ADC high and ADC low .
The amount of necrosis in the tumors was estimated on the ADC maps (calculated from all used b-value images) by measuring the in-plane ratio of necrotic diameter versus total diameter of the tumor in the two perpendicular main directions of a central tumor slice. To reduce intraobserver variability and minimize the influence of the chosen tumor slice, the measurement was repeated on three of the center slices through the tumor and averaged afterward.
Histologic Analysis and Correlation with Imaging Results
Histopathologic correlation was obtained 6 hours, 2 days, and 9 days after a single CA-4-P administration, and 6 hours and 2 days after the third treatment. After surgical excision of the tumors, sections were made in the transverse plane corresponding to the MR sections. The tumors were fixed in a 10% formaldehyde solution. Following paraffin embedding, 5-mm sections were stained with hematoxylin and eosin. Tissue sections were assessed for cell viability (discernible heterochromatin and euchromatin in the nucleus, occurrence of mitoses) and vasculature (vessel constriction, dilatation, or congestion). All sections were screened at different magnifications up to Â400 by an experienced histopathologist (E.K.V.) who was blinded to all treatment and MRI-related information. Thereafter, the histologic sections were compared with the corresponding transverse ADC maps.
Statistical Analysis
Statistical analysis was carried out with the software packages Microsoft Excel 9.0 and Analyse-It 1.68 (Analyse-It Ltd., Leeds, England, UK). Absolute numeric data are reported as mean ± standard deviation (SD), whereas percentage values are given compared to the baseline value. For statistical analysis, comparison between the treated rats at the subsequent time points was performed using the paired two-tailed Student's t test, whereas comparison of the treated rats to the controls was performed using unpaired two-tailed Student's t tests. A P-value smaller than .05 was considered significant.
Results
Tumor Volume
The tumor volume at the respective time points is given in Figure 1 for the treated rats as well as for the control animals. At 9 days after the first CA-4-P administration, a significant difference was found between the tumor volumes of the treated rats (n = 12 tumors) as compared to the control rats (n = 6 tumors) (P = .007). This difference was more significant at later time points: P = .004 after 11 days (2 days after the second CA-4-P administration), P = .002 after 18 days, and P = .0002 after 20 days (2 days after the third CA-4-P administration).
Before CA-4-P Administration
The rat rhabdomyosarcomas evaluated at the start of the present study showed a variable proportion of necrosis on DW-MRI, mostly located in the central part of the tumors. Figure 1 . Bar charts representing the tumor volume of the CA-4-P -treated rats (n) compared to the controls (5) . A significant difference in volumes (P = .007) can already be observed between treated and untreated tumors after 9 days. The decrease in tumor volume observed between 18 and 20 days and the related increased SD in the treated tumors are due to the randomly selected sacrifice of three (of six) of the treated rats for histology on day 18. Error bars, ± SD. The ADC average of the entire tumor volume before treatment was 1.24 ± 0.15 (Â 10 À3 mm 2 /sec), whereas ADC low was 1.62 ± 0.18 (Â 10 À3 mm 2 /sec) and ADC high was 1.14 ± 0.15 (Â 10 À3 mm 2 /sec). When looking at the values of center and periphery separately, higher ADC values were found in the center of the tumor (in 10 À3 mm 2 /sec, ADC average of 1.69, ADC low of 1.88, and ADC high of 1.64) and lower values in the periphery (in 10 À3 mm 2 /sec, ADC average of 1.11, ADC low of 1.43, and ADC high of 1.05).
After First CA-4-P Administration Functional changes (n = 12 tumors)
ADC of the whole tumor volume. Six hours after the first CA-4-P treatment ( Figure 2B ), no overall visual changes in hypointense and hyperintense regions compared to the baseline (Figure 2A ) could be appreciated on the ADC maps, but all calculated ADC values decreased significantly (ADC average , P < .001; ADC low , P < .001; ADC high , P = .002) ( Table 1) . At 2 days after the first treatment, almost the entire tumor volume was uniformly hyperintense on the ADC maps ( Figure 2C ) and all calculated ADC values were significantly increased (P < .001). At 9 days post-injection, a broad hypointense rim was seen surrounding a large hyperintense center ( Figure 2D ). At the same time, both ADC average and ADC high decreased significantly (P < .001), whereas the ADC low showed no significant changes compared to the previous time point (P = .08) ( Figure 3 ).
ADC of ROIs at the center and periphery of the tumor. At 6 hours after the first CA-4-P administration, all ADC values in the center and periphery showed a significant decrease compared to baseline, except for the ADC high in the peripheral ROIs (ADC average , P = .01 and P = .04; ADC low , P = .02 and P < .001; and ADC high , P = .01 and P = .49, for the center and periphery, respectively; Figure 4 ). On day 2 after treatment, all ADC values increased significantly (P = .007 for ADC low in the center of the tumor, P < .001 for all other ADC values). At 9 days, again a significant decrease was found in all ADC values (P < .005), except for the ADC high in the center (P = .24).
Correlation between histopathology and ADC maps Six hours after drug administration, histopathology showed some interstitial edema at the transition between the tumor periphery and the necrotic center. The tumor cells in the periphery had still a viable profile (several mitoses seen), whereas the vessels were congested or constricted. At this time point after CA-4-P administration, the ADC maps clearly showed a broad remaining hypointense rim with a hyperintense center ( Figure 2B ), similar to the pretreatment images (Figure 2A) . These findings suggested a remaining viable tumor tissue in the periphery, which was confirmed with histologic examination.
The histology at 2 days showed a strongly reduced size of the periphery containing a high rate of mitoses. In parallel, the necrotic portion of the tumor was substantially larger with only pyknotic cells present. At this time point, the ADC maps showed extensive hyperintensity ( Figure 2C ).
Seven days later, a broad rim of viable tumor cells with a very high rate of mitoses was seen histologically. This corresponded with the hypointense viable periphery on the ADC maps surrounding the hyperintense necrotic center ( Figure 2D ).
After the Second CA-4-P Administration Functional changes (n = 12 tumors) ADC of the whole tumor volume. The changes of DW-MRI found after the second treatment were similar to the findings after the first CA-4-P injection (Figure 3 , Table 1 ).
Six hours after the second treatment, the ADC maps showed no visible changes from the previous time point ( Figure 2E ), but all ADC values decreased significantly (ADC average and ADC low , P < .001; and ADC high , P = .003). Two days later, the entire tumor was hyperintense on the ADC maps ( Figure 2F ) and a significant increase was observed for all ADC values (P < .001). At 9 days after the Relative changes compared to the baseline before the third CA-4-P administration.
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second CA-4-P administration, all ADC values decreased significantly (P < .001), and a new hypointense rim could be appreciated on the ADC maps ( Figure 2G ).
ADC of the ROIs at the center and periphery of the tumor. Six hours after the second CA-4-P administration, only the ADC low values at both the center and periphery decreased significantly (P = .02 and P = .003, respectively) ( Figure 4 ). In the periphery, the ADC average and ADC high values also decreased significantly (P = .04 and P = .02), whereas at the center, these two values remained largely unchanged (P = .14 and P = .97). Two days later, no significant changes were observed in all ADC values at the center (ADC average , P = .61; ADC low , P = .14; ADC high , P = .22), whereas all ADC values in the periphery increased significantly (P < .001). At the 9-day time point, no significant changes were found in the center for ADC average (P = .12) and ADC low (P = .35) and a slightly significant change for ADC high (P = .04), whereas all ADC values in the periphery decreased significantly (ADC average , P < .001; ADC low , P = .006; and ADC high , P = .001).
After the Third CA-4-P Administration Functional changes
ADC of the whole tumor volume. The changes of DW-MRI found after the third treatment were similar to the findings following the first and second CA-4-P injections (Figure 3 , Table 1 ).
Six hours after the third CA-4-P administration (n = 12 tumors), no visible changes were found on the ADC maps compared to the previous time point ( Figure 2H ), but again a significant decrease was observed for all calculated ADC values (ADC average and ADC low , P < .001; and ADC high , P = .006). At this time point, three rats were sacrificed for histopathologic analysis of the tumors (n = 6). At 2 days after the third injection (n = 6 tumors), the hyperintense area of the tumors strongly increased on the ADC maps ( Figure 2I ) and the corresponding calculated ADC values increased significantly (ADC average , P = .002; ADC low , P < .001; and ADC high , P = .004).
ADC of the ROIs at the center and periphery of the tumor. In the tumor center, 6 hours after the third CA-4-P administration, only the ADC low decreased significantly (P < .001), whereas the ADC average and ADC high remained mainly unchanged (P = .19 and .22, respectively) ( Figure 4) . The periphery showed a significant decrease in all ADC values at this time point (ADC average , P = .002; ADC low , P < .001; and ADC high , P = .002). At 2 days after the third treatment, all ADC values in the periphery were significantly increased (ADC average , P < .001; ADC low , P = .001; and ADC high , P = .001). At the center, all ADC values remained unchanged (ADC average , P = .86; ADC low , P = .44; and ADC high , P = .26).
Correlation between histopathology and ADC maps At 6 hours after the third CA-4-P administration, four of the six excised tumors showed complete necrosis of the center (Figure 5, A3) , whereas the other two revealed some clusters of remaining viable-looking tumor cells with some mitoses seen in the center (Figure 5, B3) . In comparison to the findings after the first treatment, the demarcation between the central necrosis and the actively proliferating . All values are given in percentages compared to baseline. During the first 6 hours after each CA-4-P administration, the ADC low decreased significantly due to vascular shutdown. Two days after each treatment, a significant increase was found for all ADC values, corresponding to an increase of the necrotic fraction. tumor in the periphery was more pronounced. The ADC maps ( Figure 2H ) showed still viable tumor tissue in the periphery, confirmed by histologic findings. The ADC maps of the tumors with complete central necrosis on histology had a higher ADC value compared to both tumors with clusters of viable cells in the center.
At 2 days (n = 6 tumors), only a small rim of viable tumor cells was visible on histology accompanied by extension of the necrotic fraction. Five of the six tumors showed complete necrosis of the center, corresponding to the homogeneous bright center in the ADC maps ( Figure 2I ). In the remaining tumor, some clusters of viable cells were visible on histologic examination, which appeared heterogeneous and hypointense in the center of the respective ADC map.
Necrotic Tumor Area
The necrotic tumor area at the respective time points is given in Figure 6 for the treated rats as well as for the control animals. In the untreated rats, a variable but persistent increase in necrotic tumor area occurs. This is not the case in the treated animals, as the tumors experience massive necrosis induction after each CA-4-P administration. There are no significant differences between the subsequent time points of maximal necrosis proportionate to the respective tumor volumes (2-day time point after each CA-4-P administration) (between 2 and 9 days, P = .08; between 9 and 18 days, P = .92).
Retrospective ADC Assessment
During histopathologic examinations of the repeatedly treated tumors, three tumors (of 12) showed some remain-ing viable-looking cells in the necrotic center. These tumors had also the lowest ADC values in the central necrosis just before excision. Retrospectively, these same three tumors showed the lowest ADC values during the entire examination sequence. Even before the first treatment, these three tumors had outlying lower values compared to the nine other tumors in both ADC average and ADC high (in 10 À3 mm 2 /sec): ADC average values were 1.15, 0.91, and 1.05 (compared to the average of 1.24) and ADC high values were 1.00, 0.83, and 0.95 (compared to the average of 1.14). Figure 5 . Transverse ADC maps before the first (A1 and B1) and 6 hours after the third CA-4-P administration (A2 and B2) of two different rat rhabdomyosarcomas (A and B). Rectangles in the ADC maps (A2 and B2) approximate the location of the shown histologic (Â400) panels (A3 and B3). On the ADC maps after the third treatment (A2 and B2), three regions can be depicted in each tumor: rim (arrows), viable tissue (#), and necrosis (*). Tumors (A) and (B) have different intensities in the necrotic center of the ADC maps (A2 and B2) (*). The higher intensity in tumor (A) corresponded histologically to complete necrosis (A3). The lower intensity in tumor (B) corresponded to the presence of still viable cells in tumor (B) (B3). Note the well recognizable euchromatin and heterochromatin in most nuclei and some mitotic figures (B3, arrowheads). Retrospectively, a difference between these two tumors could already be appreciated visually before the first treatment (A1 and B1). Figure 6 . Bar charts representing the percentage of necrotic tumor area of the treated rats ( ) and the controls (5) during the follow-up sequence. In the untreated rats, a variable but persistent increase in necrotic tumor area occurs. This is not the case in the treated animals, as the tumors experience massive necrosis induction 2 days after each CA-4-P administration. Error bars, ± SD.
Discussion
From a clinical point of view, the evaluation of effects developing within hours to a few days in the tumor microenvironment after the use of anticancer agents is very important. This information can be used to predict the response in tumors, and allows the modulation of the ongoing treatment. The potential of using individual tumor-adapted treatments and the introduction of novel anticancer therapies further support the need for noninvasive imaging approaches. One such novel treatment strategy, vascular targeting using small molecules such as CA-4-P, has been shown to induce severe intratumoral damage at doses below the maximum tolerated dose (Refs. [3, 22] and references therein). Based on the broad information on drug activity obtained with preclinical rodent tumors, clinical phase I trials have been performed using escalating doses of CA-4-P administered at regular time intervals [17, 23] . The use of gadolinium-based DCE-MRI already provided useful information on the rapidly induced and severe changes in tumor blood flow and vessel permeability after treatment with VTAs [16,23 -25] . DW-MRI has been initiated recently as a potential noninvasive technique to monitor the antitumoral effects of radiotherapy and chemotherapy with the aim to predict therapy outcome [26 -36] . In contrast to conventional MRI, viable tumor can be differentiated from tumor necrosis with DW-MRI [34, 35] . High cellular density is related to a low ADC value, reflecting the lack of mobility of water protons, whereas high ADC values relate to necrotic tissue with inherent diffusion of water protons due to loss of cell membrane integrity [34, 36] . We have already shown earlier, using a rat rhabdomyosarcoma R1 tumor model, that DW-MRI allows assessment of intratumoral cell integrity changes after a single CA-4-P administration [19, 21] .
The present study involves the same rat tumor model, but the set-up of the study was extended toward repeated injections of CA-4-P and the potential of DW-MRI to evaluate the reproducibility of the induced intratumoral damage after each administration. The results illustrate that CA-4-P retained a similar efficacy after the treatment with a second and a third equal-sized dosage. The changes in ADC values after each treatment were of the same order of magnitude, with an initial decrease 6 hours after treatment followed by a strong increase at 2 days posttreatment. In a previous study using the same tumor model, the initial ADC decrease was found to be a result of both diffusion restriction due to ischemia (reflected in a decrease in ADC high ) and a decrease in perfusion (reflected by a stronger decrease in ADC low ) [21] . The subsequent increase in all ADC values coincided with necrosis formation.
With the exception of the ADC low calculated at 6 hours after the second and third injections, no significant change in values was observed in the center of the tumor. The center was identified on histology as being necrotic, both after the third CA-4-P administration as well as in a separate series of tumors after a single CA-4-P administration. Hence, the ADC changes calculated in the periphery of the tumors should determine the ADC changes of the whole tumor. The translation was indeed proven by the measurements in the periphery of the tumors, which showed similar significant changes in ADC average , as well as in ADC low and ADC high . Importantly, the extent of necrosis development in relation to the evolution in size of the tumors, as measured on the MR images, was very similar after each drug treatment. The parallel increase in ADC measured at 2 days after each CA-4-P administration represents this positive response to treatment noninvasively. The hypointense rim appreciated on the ADC maps at 9 days after each treatment represents viable cell-rich tissue from which tumor growth has occurred prior to the next CA-4-P treatment. It is in this peripheral area that the accelerated development of new pathologic vessels takes place and provides nutrients for tumor expansion as seen after each treatment. These newly formed microvessels may provide an improved tumor perfusion, which, together with the major influence of necrosis formation (reflected in ADC high ), is translated in an increase in ADC low 2 days after each CA-4-P administration. Changes in ADC low are, as indicated by us and others, related to a change in perfusion as well as true diffusion [19, 20] . Very recently, preclinical in vivo data have been published on the impact of cell density on the potential of microvessels to provide adequate intratumoral perfusion [37] . In that study, the reduction of cell density on treatment paralleled an increase in the fraction of tumor vessels with open lumen. Such a mechanism may play a role in the increased ADC low at 2 days after CA-4-P treatment when extensive necrosis is prominently present, as measured in our study. Finally, lower values of ADC are related to high cellular density in the tumors. A study by Taouli et al. [38] analyzing focal liver lesions by DW-MRI showed that metastatic lesions and hepatocellular carcinomas had the lowest ADC. These authors attributed this finding to the higher tumoral content of these lesions, which restricts water diffusion. Retrospectively assessed, the three tumors with the lowest ADC before sacrifice were those that still showed viable tumor cells in the necrotic center after the third CA-4-P treatment (histologically proven). These three tumors had also a smaller ADC value before the first CA-4-P treatment, compared to the others.
Within the present tumor model and treatment strategy, our results show that DW-MRI allows to differentiate between viable and nonviable tumor tissues. However, the question as to the time point of the change from nonperfused (including transient vascular function deficit) but viable tissue to necrotic tumor tissue remains. Therefore, follow-up at additional time intervals between 6 and 48 hours after drug administration may provide more insights into the complex nature of tumor damage from the use of VTAs.
Conclusion
The present data demonstrate that repeated CA-4-P administration, at the time intervals used, induces reproducible effects on subcutaneously growing rhabdomyosarcomas in rats. Similar results were obtained up to 2 days after each drug administration, supporting the absence of drug-induced resistance during this treatment course. DW-MRI is therefore a promising noninvasive tool for in vivo monitoring of such treatment-induced changes and provides information on both vascular changes as well as cellular integrity. Noninvasively obtained early knowledge of response to therapy is clinically useful. It helps in making decisions as to treatment changes of individual patients, thereby preventing unnecessary toxicity of prolonged ineffective treatment of nonresponding tumors.
